Preclinical studies have produced numerous drugs with antiseizure properties that currently are the standard of care. One third of the human population with epilepsy still continues to have seizures despite the ongoing discoveries. The recognized clinical gaps of care that need to be addressed are the identification of antiepileptogenic and disease-modifying treatments, and treatments for refractory seizures or for seizures and epilepsies with limited or unsatisfactory treatments, such as early life epileptic encephalopathies. In this invited review, we provide a historical summary of the international efforts to reevaluate the strategies adopted in preclinical epilepsy therapy discovery studies. We discuss issues that may affect the quality, interpretation, and validation of preclinical studies and their translation to successful therapies for humans affected with epilepsy. These include the selection of animal models and the study design; research practices that affect rigor (such as appropriate use of statistics and reporting of study methods and results, their validation across models, labs, and preclinical-clinical studies); the need to harmonize research methods and outcome assessment; and the importance of improving translation to clinically appropriate situations. The epilepsy research community is incrementally adopting collaborative research, including consortia or multicenter studies to meet these needs. Improving the infrastructure that can support these efforts will be instrumental in future success. KEY WORDS: Antiepileptogenesis, Animal model, Seizure, Antiseizure, Preclinical trial, Efficacy endpoint, Drug resistance.
There has been a lot of introspection over the last few years regarding the validity, reproducibility, and translatability of preclinical findings into clinically relevant discoveries that address the current clinical gaps and priorities. 1 Concerns that the efficacy of many candidate treatments identified in preclinical studies fails to translate into positive clinical trials or to replicate in animal studies have stirred coordinated efforts from many neurologic research areas to reevaluate the priorities, methodologies, and strategies, and to propose standards for rigorous and clinically translatable practices.
In 2010, the international epilepsy community responded to these concerns by forming a collaboration of investigators involved in therapy development with the task of formulating research priorities and proposing recommendations that would help produce more effective treatments for individuals with epilepsy. Jointly supported by the International League Against Epilepsy (ILAE) and the American Epilepsy Society (AES), this collaborative group met at the First Joint AES/ILAE Translational Workshop in London (2012) to identify the priorities and propose a set of recommendations that could improve epilepsy therapy discovery and validation. 2 The consensus in this workshop was that, unlike other research areas, epilepsy has been blessed by the availability of numerous animal models of seizures and epilepsies, which over the course of the years have produced many drugs that are currently approved for use as antiseizure drugs in humans. In the United States, the Anticonvulsant Screening Program (ASP) has been instrumental in this progress. 3 In the recent reviews of the ASP program (currently known as Epilepsy Therapy Screening Program [ETSP]), it was estimated that 32,000 compounds had been screened, 10 of which have entered the clinical market, whether based primarily on the ASP/ETSP results or on results that ASP/ETSP screening confirmed or expanded. 3, 4 Independent academic investigators and pharmaceutical companies have contributed additional new therapies that are currently in use. Epileptologists can choose among >30 drugs to treat humans with seizures, balancing efficacy, indications, drug interactions, and safety profiles. Antiseizure drugs are still currently the standard of care.
Several critical reviews have, however, voiced criticisms and concerns that "the current antiseizure drug development has failed to deliver" incrementally over the other drugs. Largely these critiques have been driven by the realization and angst that more needs to be done and new strategies need to be adopted to develop treatments for patient populations who do not benefit from current treatments. 1, 2, 5, 6 These unmet clinical needs include the following: (1) seizures resistant to current antiseizure drugs; (2) treatments that prevent, stop, or reverse epileptogenesis; (3) epilepsies with no or very limited available treatments, for example, certain early life epileptic encephalopathies and epilepsies; and (4) disease-modifying treatments that prevent or treat epilepsy-related comorbidities. Calls for reevaluation of animal models and screening strategies have led to a first set of proposals to improve technical and methodologic aspects of preclinical studies and the study design of future antiseizure, antiepileptogenic, or disease-modifying therapy discovery studies, develop epilepsy biomarkers, and improve the reproducibility and translatability of preclinical studies through the implementation of multicenter phase II preclinical studies. 1, [7] [8] [9] [10] [11] These workshop reports, among other publications, have outlined the differences between the preclinical and clinical trials and the different scopes and expectations that these may have. Preclinical studies can better address mechanistic questions and control variables that are heterogeneous in human studies. Animal models are not exact copies or simulations of human disease. There are undeniable genetic, biologic, and habitat differences among species that may affect the pathology, pathogenesis, and outcomes of seizures and epilepsies and drug actions, thereby limiting our ability to predict whether a promising preclinical treatment will be effective or harmful in humans. The landscape is also different in preclinical versus clinical research centers: level of funding, conflicts of interest, number of centers involved, standardization of methods used for data collection and outcome assessment, and research design. How realistic is it to expect that preclinical studies can drastically improve to give us the next-generation treatments and cures for epilepsies and associated comorbidities?
In this invited review, we were asked to critically discuss the current state of preclinical trials that aim to develop new drug treatments for epilepsy and comment on the methodology, interpretation, and relevance of findings to human epilepsies and clinical trials. We focus primarily on issues that enhance the translatability of preclinical data to clinical studies. We briefly discuss issues on the selection and utilization of animal models in therapy screening, the methodologic issues that affect rigor, relevance, and translation of preclinical data to the human studies, including statistical analyses. We comment on practices that could transform and accelerate preclinical research and produce new classes of therapeutic compounds and strategies to guide future clinical trials in relevant target populations.
What Have Preclinical Drug Trials in Epilepsy Delivered? Unmet Needs and Works in Progress
Preclinical therapy trials for seizures in adults The landscape of epilepsy therapy discovery is undergoing significant changes in response to the reevaluation of strategies, methods, and goals. For example, the new ETSP program has shifted from the model of relying on mostly acutely induced or stimulus-induced models of seizures (maximal electroshock [MES], 6 Hz test, audiogenic seizures, and hippocampal or corneal kindling) and now includes chronic models of drug-resistant seizures or of epilepsy with spontaneous seizures. Currently, identification of promising compounds in the ETSP for drug-resistant
Key Points
• Animal studies have provided many antiseizure drugs that are currently used in clinical practice
• We still need antiepileptogenic, disease-modifying therapies, and therapies for medically resistant or early life seizures with limited treatments
• Power analysis and appropriate statistical analysis are essential for the correct interpretation of positive or negative results
• To meet the unmet needs, use of appropriate animal models and clinically relevant study designs and endpoints will be necessary
• Harmonization of standards of research practice will be essential to facilitate collaborations and multi-center studies 4 These changes comprise substantial progress toward enabling the identification of compounds with different mechanisms and targets with potential to benefit certain drug-resistant seizures and epilepsies in adults and possibly demonstrate antiepileptogenic effect. Independent academic or industry labs and multicenter collaborations add up to these efforts by identifying new etiologies, new compounds, their targets and chemical properties, testing efficacy and tolerability in a larger variety of animal models and experimental scenarios to define pharmacokinetics-pharmacodynamics (PK-PDs), relevance to specific stages of isogenesis or epileptogenesis, specific target populations, or etiologies. The evolution of concepts and priorities has been reflected in the re-formulation of the 2014 NINDS Benchmarks for Epilepsy Research, 12 which now prominently recognize the priority in "preventing epilepsy and its progression" (Benchmark II) and "improving treatment options for controlling seizures and epilepsyrelated conditions without side effects" (Benchmark III).
Preclinical therapy trials for early life seizures
Seizures and epilepsies are highly prevalent early in life, with newborns, infants, and children exhibiting among the highest age-adjusted incidence rates, whereas in a fifth of individuals with epilepsy, seizures start early in life. [13] [14] [15] Medically resistant epilepsy is at least as common in children as in adults, with almost a third of affected individuals being resistant to current treatments. 16 Extrapolation studies for antiseizure medications have been considered to be appropriate for testing efficacy of drugs on focal-onset seizures in children older than 2 years. [17] [18] [19] However, these studies excluded children with epileptic encephalopathies, SE, progressive cerebral or neurodegenerative diseases, or patients with very frequent seizures that are difficult to count.
Extrapolation does not extend to safety issues or to certain early life epilepsy syndromes that show distinctive responses to treatments. 17 For example, infantile spasms may respond to hormonal therapy (adrenocorticotropic hormone [ACTH] or high-dose corticosteroids) or vigabatrin but not to most of the classical antiseizure drugs. Epileptic encephalopathies (Landau-Kleffner syndrome, continuous spike wave in slow wave sleep) may respond to hormonal therapy, whereas seizures in Dravet syndrome can be exacerbated by sodium channel blockers. [20] [21] [22] [23] The neurobiology of the very young brain is very different from that in older age groups; consequently, age-and sex-specific effects, efficacy, and tolerability of tested drugs cannot be predicted by the effects in older subjects. [24] [25] [26] There are also age-and sex-specific mechanisms involved in ictogenesis or epileptogenesis of early life seizures and epilepsies involving different underlying pathologies, network functions, intracellular and neuronal signaling, and communication patterns that are peculiar to certain stages of the disease or developmental stages. 24, 25, 27 Utilization of new animal models for early life medically resistant seizures or epilepsies and consideration of these age-and sex-specific factors involved in a drug's effect, therapeutic or adverse, and in disease pathogenesis, will therefore be of paramount importance in our efforts to address these gaps of care. Recently there has been an emergence of animal models of early life seizures and chronic models of early life epilepsies, genetic or induced, which have been used for therapy discovery. 27 A few drugs emerging from such animal models have already acquired orphan drug status for pediatric epilepsy syndromes, like carisbamate and the vigabatrin analog CPP-155. 28, 29 Rapamycin's efficacy in epilepsy due to tuberous sclerosis was first demonstrated in animal models, before being tested in clinical trials. 30 The armamentarium of models to investigate early life seizures and epilepsies has grown to include high-throughput screens in a zebrafish Dravet syndrome model, or inducible pluripotent stem cells (iPSCs) used to investigate target mechanisms in certain genetic diseases. 31, 32 The changing landscape of preclinical pediatric therapy development is probably one of the biggest advances and sources of optimism for new therapies and cure for pediatric diseases, which are inherently difficult to test in humans.
Interpreting Preclinical Therapy Trials
Animal models: predictive power, validity, and clinical relevance A common critique in preclinical trials is that the animal model used is not clinically validated or clinically relevant. A validated animal model for therapy discovery for a specific indication would be expected to correctly identify a treatment that is also clinically effective for the same indication in humans. Indeed, several animal models have been useful in identifying such antiseizure treatments, including acute models (e.g., MES or subcutaneous pentylenetetrazole) or models such as amygdala kindling, although falsepositive or false-negative data have been obtained. There are limitations, however, in selecting animal models for therapy discovery strictly based on their perceived validity in this process. First, there is no uniformly accepted definition of clinical validation of an animal model or consensus on how to handle false-positive and false-negative data from a model in this process. Second, for conditions for which there are no clinically available treatments, for example, for drug-resistant seizures or antiepileptogenesis indications, it is not meaningful to discuss validated animal models. In such situations, screening strategies have to rely on the potential of a model to simulate the human condition (phenotypically and/or mechanistically) and to offer itself for testing the specific indications.
An animal model cannot be expected to model humans and cannot model a human disease in all aspects of its primary phenotype and its variations. By the same token, a human epilepsy syndrome is not a perfect model of every individual that is diagnosed with the same syndrome. Building true expectations of what an animal study can model is paramount to both appreciate what science and medicine have accomplished so far, and allow the reevaluation of preclinical therapy screening strategies through healthy criticism.
Animal models may model candidate mechanisms or known etiologies (e.g., genetic), may have been found by serendipity (e.g., inbred models of epilepsies), or generated by nonspecific induction methods that induce specific desired phenotypes. For preclinical therapy trials, animal models that exhibit pathologies and seizure phenotypes similar to those of a human syndrome or seizure type have an advantage in that they can best identify with the human condition and define the target population. Models of epilepsy with spontaneous seizures have an advantage over the models of acutely induced seizures in that they allow testing for antiseizure and antiepileptogenic effects with readout the spontaneous seizures. Features that improve the reliability of preclinical data from animal models include having a reproducible phenotype, sufficient prior characterization to permit power analyses and definition of the optimal sample sizes for specific outcome measures and readouts, and to justify the study design. The option to perform video-EEG studies is a strong advantage.
Testing a drug effect across models may inform on whether a treatment may be applicable to similar seizures and/or epilepsies with various mechanisms, yet it may be complicated by the age, strain, species, or phenotypic differences that may occur across models making such comparisons uncertain. We defer the discussion about predictive value and validity of models to systematic reviews of the vast existing literature. Herein we discuss study design issues, including outcome assessments that can affect the interpretation of drug effects in different types of animal models and may influence comparisons with future clinical trials.
Animal models in preclinical epilepsy drug trials: successes and failures to translate Models of seizures or epilepsies can be acute or chronic. In acute models, seizures occur only for a few seconds or hours after induction. In chronic models, seizures occur spontaneously for days to months after induction, with or without a latent period without detected seizures.
Testing the antiseizure effects of a drug in an acute model of seizures is typically done by administering the drug to a naive animal prior to seizure induction. A clear advantage is the higher throughput and faster turnover of results compared to the chronic models. Outcomes are then measuring the prevention of or delay of induced seizure occurrence or reduction of the severity of the induced seizures. In essence, this study design would only be expected to predict ability of a drug to prevent or ameliorate seizures that share mechanisms with the induced seizures. A nice example of possible translation is the Metrazol test, which has been used in both rodents and humans. This animal model of acute seizures used extensively for screening for antiseizure drugs, made a transient appearance in the clinical literature as an attempt to differentiate people with epilepsy from those without. Quoting Cure et al., "susceptibility to 'Metrazol' seemed related to patient's convulsive threshold, since it was decreased . . . in those receiving anticonvulsant medication at the time of the examination." 33 The demonstration that antiseizure drugs with efficacy in acute models of seizures can be useful for human seizures suggests that some of these mechanisms can be at least partially shared. However, it is also not unexpected that acute seizure models may not recapitulate all the mechanisms implicated in human seizures, which have more complex or diverse, often unknown, pathogenic (inducing) mechanisms. A caution in interpreting antiseizure effects shown in acute models is when the tested drug antagonizes the exact mechanisms employed by the inducing drug (e.g., testing a c-aminobutyric acid [GABA] A receptor agonist in a model induced by GABA A receptor antagonist). In such cases, antiseizure effect could be secondary to "insult modification," and comparisons of its efficacy with other drugs that do not share this mechanism will be difficult without dose-response experiments or testing in models with distinct mechanisms. In addition, the efficacy of a drug may change depending on when it is administered (prior to a seizure, immediately after a brief seizure, or after established status epilepticus), [34] [35] [36] and can be altered by multiple factors including vehicle, species, age and sex factors, brain permeability, and pharmacokinetics. Drug effects in disease-naive conditions may be very different from those during an established disease process, due to changes in the expression or function of key drug targets during the course of a disease. [37] [38] [39] [40] [41] [42] [43] Testing a drug with clinically relevant vehicles, testing for target relevance of engagement, using more than one model of seizures including a relevant model of epilepsy or targeted disease or models with different induction methods, and testing across species, ages, and in both sexes may abrogate some of these issues. Clinical scenarios that could fit this study design of drug preadministration include the prevention of possible seizures in the setting of well-recognized insults, for example, anticipated exposure to toxic agents.
Testing the antiseizure effects of a drug in acutely induced seizures with the drug given after seizure onset ("posttreatment"), when feasible, can also inform about the therapeutic window of intervention. This strategy carries a lower probability that "insult modification" may underlie the drug's effect, and the ability to assess the predrug severity of seizures and normalize results according to these, if needed. In such cases, outcomes look at probability to stop or suppress seizures, duration of antiseizure effect, time to effect, or degree of seizure suppression. The advantage over the pretreatment option is that this is a more clinically applicable scenario, since seizure onset can be identifiable, even when its trigger cannot. A decision that needs to be discussed, however, is whether to adapt the study design to match the clinical setting likely to be utilized in the first inhuman trial. For example, comparing drug versus placebo in such cases may be unethical in humans for an experimental drug. On the other hand, designing studies that compare experimental drug versus a comparator drug or administering drug as an add-on to established medical therapy could be better-suited options. In both cases, it is advisable to control for possible pharmacokinetic or drug-drug interactions that could complicate interpretation.
Investigating antiseizure effects in chronic models of seizures and epilepsies has the advantage that (1) testing is done in a "diseased/epileptogenic" brain with spontaneous seizures, (2) concomitant assessment for anticonvulsant and antiepileptogenic effects may be possible, and (3) one can monitor in parallel efficacy and tolerability of the drug, since animals are expected to be freely active between seizures. Such studies are cumbersome, however, due to time requirements, the need to administer the drugs chronically in a nonobtrusive manner (orally or through minipumps), and the care of ensuring proper intake and steady levels of the drug to correctly interpret drug successes, failures, or toxicity. Evidence for target relevance and engagement are also important. Failure to demonstrate an effect in a model where the target is irrelevant cannot contradict a positive effect in a model where target relevance and engagement is demonstrated. The availability of pharmacokinetics-pharmacodynamics (PK-PD) data is necessary to establish drug exposure but also the washout of the drug, which will help interpret potential antiepileptogenic effects.
False-positive effects or failure to translate a therapeutic effect can occur because drugs (1) are too sedative or impair motor abilities of an animal, thereby preventing the motor manifestations of a seizure; (2) cause side effects in humans, at doses lower than the effective ones, which cannot be predicted in animals; (3) exhibit interactions and altered metabolism in humans who receive other medications for seizures or other conditions; (4) treat animal seizures that are not relevant to the clinical population tested in clinical trials; and (5) target mechanisms not clinically relevant in the context of the clinical trial.
False-negative effects or failure to identify a therapeutic effect can occur because (1) the animal model or experimental study design of the preclinical trial may not be appropriate for the clinical trial context, (2) incomplete dosesearching missed the effective doses, (3) drug targets are irrelevant for the selected animal models or experimental conditions, (4) drugs do not engage targets, and (5) monitoring of drug efficacy is outside the PK-PD informed therapeutic window for this drug.
A common explanation of disparate results in the animal literature is the presence of model, age, sex, contextual, and species differences. Although these may certainly be true and anticipated, studies that provide solid evidence of target relevance and engagement, are informed by PK-PD studies, and interrogate such possible confounders provide more robust evidence for the efficacy or lack of efficacy of a drug. However, the existence of such confounders should not serve as an excuse to neglect aspects of the study that could impair the rigor and robustness of conclusions. Maintaining high standards of rigor and transparency in the manner one reports a study, preliminary or complete, is essential to evaluate the strength of findings and avoid rush decisions to discard or move forward a drug. It is in this light and with the goal to improve the comparability and interpretation of studies, that we discuss in the following section some basic considerations of the statistical design and analyses of preclinical trials.
The Role of Statistics and Power Analysis in the Design and Analysis of Preclinical Trials
After selecting the experimental paradigm, appropriate use of statistics is essential to effectively test study hypotheses. It is recommended to pre-specify the following in the design stage: primary endpoint, secondary endpoints, statistical plan for each endpoint, power analysis, interim analyses (optional), and early stopping rules (optional).
Power is defined as the probability of detecting a true effect. Power analysis is most commonly used to determine the sample size needed to detect a given effect size. Sample size has to be properly estimated. When sample size is too small, a study may lack the power to detect a true treatment effect; on the other hand, it may be unethical to run experiments on too many animals. It is conventionally recommended that a study has at least 80% power at 0.05 significance level to balance the tradeoff between type I (i.e., significance level) and type II errors (equal to 1 -power) from statistical hypothesis testing. A two-tailed test is preferred when one is interested in any change, regardless of direction, whereas a one-tailed test is used when the direction of the effect is certain; a two-tailed test usually requires a bigger sample size compared to one-tailed test. Effect size can be estimated from either preliminary data or based on the most relevant literature including effect size from individual studies and the mean effect size from meta-analysis. Mean effect size may be the best because it is the most conservative estimate at the population level; the mean effect is usually computed in a way to account for the effects of the various sample sizes in the individual studies included in the meta-analysis. Power calculations and significance thresholds need to be adjusted for the number of endpoints being tested. It is common in many preclinical studies to examine a large number of endpoints and utilize p < 0.05 for each. This practice has high probability in producing a false-positive "significant" result for one of the tested variables. It is also advisable to set the endpoints a priori. Table 1 presents an example that illustrates sample size estimation where the sample size increases with higher study power and smaller effect sizes.
Statistical analysis
Data need to be inspected carefully for correct application of inclusion or exclusion rules, missing data, and outliers. Any animal that had an adverse event, dropped out of the experiment, or died before the completion of the experiment needs to be documented and assessed to see whether it is related to the study condition. Even in the context of preclinical studies where there are relatively homogeneous experimental units and more stringent controls, an animal may not complete the treatment. For example, it may die during a treatment regimen of repeated daily doses over a few days. In this case, if animals are randomly assigned into treatment groups, intention to treat analysis should be used, where the analysis group is based on the original group assignment.
Baseline characteristics are usually summarized to assess whether groups are comparable at the beginning of the trial. Continuous variables are compared using two-sample t-test (for two groups) or analysis of variance (ANOVA; for ≥3 groups) if the data follow normal distribution; otherwise, they are compared using Mann-Whitney-Wilcoxon test (for two groups) and Kruskal-Wallis test (for ≥3 groups). For the endpoints, time of survival can be analyzed using KaplanMeier curves, log-rank tests, and then Cox proportional hazard models for covariate adjustment. Linear mixed models that can account for the repeated observations from the same animal can be used to compare weight gain across groups. Seizure frequencies are not often normally distributed, so the data should be transformed (e.g., logarithmic transformation) before it is analyzed using linear regression models. Responders versus nonresponders can be analyzed using Pearson's chi-square test (or Fisher's exact test) for unadjusted analyses and using logistic regression for adjusted analyses. Time-dependent variables such as seizure-free days can be analyzed similarly to time of survival.
In addition to the aforementioned frequentist approach, Bayesian approach can also be used in trials. For both approaches, the statistical plan should be prespecified. A study designed with the frequentist approach cannot be analyzed using Bayesian approach in the end, or vice versa. In the frequentist approach, the unknown parameter, for example, mean of a distribution, is considered to be constant, and any information from previous studies can only be used in the design stage. The frequentist approach has been well established for clinical trials of all kinds including drug The table demonstrates examples for the estimation of sample size. Suppose in a trial, animals are randomized into two groups with equal sample size of n, where one group receives the treatment drug and the other group receives the placebo. We hypothesize that there will be a 50% reduction when comparing the proportion of epilepsy in the treatment group, p 2 , to the proportion of animals with epilepsy in the placebo group, p 1 . Assuming p is the average of the two proportions, b is the type II error (power = 1Àb), a is the significance level or type I error, and Z 1Àb and Z 1À(a/2) are the quantiles corresponding to the probabilities of 1Àb and 1À(a/2) in the standardized normal distribution, respectively, then the sample size required in each group is computed by the following formula, where
For example, if using a two-sided test at a significance level of a = 0.05 (Z 1À(a/2) = Z 0.975 = 1.96) and assuming 80% power (Z 1Àb = Z 0.80 = 0.84), p 1 = 0.10, p 2 = 0.05, and p = 0.075, then the sample size required in each group is computed as 435. The above table shows the sample size needed in each group when p 1 is 10%, 30%, 50%, or 70%, respectively, at 80% or 90% power (Z 0.90 = 1.28) at a significance level of 0.05 using two-sided tests. The sample size increases with higher power and smaller effect sizes. When the sample size is too small, a study may lack the power to detect a true treatment effect; on the other hand, it may be unethical to run experiments on too many animals in a trial if the sample size is too large. trials. In the Bayesian approach, we estimate the distribution of the parameter (posterior distribution) based on its prior distribution and the observed data. Prior information can be used in both design and data analysis. Bayesian statistics is computationally intensive, so it was only recently applied in medical device clinical trials thanks to the advancements in computing technology. 44 Compared to the frequentist approach, incorporation of prior information in the Bayesian approach sometimes may result in smaller sample size or shorter duration for a trial, both of which are very appealing. However, the Bayesian approach faces a few challenges. First, it requires extensive preplanning on the prior distribution, on the data collection plan, and on the model that combines the prior and the data. In fact, the U.S. Food and Drug Administration (FDA) recommends discussing the choice on the prior distribution with them before initiating a trial. Second, it requires extensive model building. Third, it requires involvement of statisticians who specialize in Bayesian methods. Finally, Bayesian and frequentist approaches may differ in their conclusions based on the same data but a different prespecified analysis plan (one Bayesian and the other frequentist), although this gap is currently being resolved by statistical methodologists. 44 In practice, the frequentist approach continues to be the mainstream.
Interim analyses
Interim analyses are usually performed by an external independent group, preferably consisting of experts in statistics and clinical and preclinical trials. The role of an Independent Data Monitoring Board (IDMB) is quite common in clinical trials but not quite yet in preclinical studies. Unblinded data should be kept confidential from all staff involved in the trial. If interim analysis demonstrates that the effect size is not as anticipated, especially when the original sample size is based on preliminary data, sample size adjustment may be necessary and can be done with proper documentation. A clinical trial may be stopped early if the interim analyses show that there are too many adverse events or superiority of the treatment is clear, or if it is unlikely to show a significant treatment effect. 45 However, there may be situations when the latter may not necessarily warrant cessation of the studies showing comparative efficacy, but this needs to be pre-set at the beginning of the trial. 46 It is necessary, however, to report when and why interim analyses prompted changes in the study design and performance, for transparency.
Reporting statistical results
It is recommended that the endpoints and the original statistical plan are prespecified. 47, 48 All analyses should be reported. This includes the prespecified analyses proposed in the original plan. Any additional analyses should be reported and clearly marked as being beyond the original plan along with the reasons for adding these analyses. Nonsignificant or negative results should also be reported to prevent other research groups from pursuing the same experiment. In the final results, it is recommended that direction and magnitude of the effect size, the statistical test and actual p-value, and the 95% confidence intervals are reported. [47] [48] [49] Opportunities to Narrow the Preclinical-Clinical Trial Gap and Meet Clinical Needs
Even if a preclinical study is well powered and appropriately analyzed and reported, its results do not necessarily foretell the results of a clinical trial. Animal issues (species/ strain, biologic, genetic, habitat, environmental) complicate such extrapolations; however, these concerns have not precluded success in bringing a drug to the clinic in the past. 50 Replication or confirmation of efficacy in similar models of seizures across species may strengthen the confidence of a finding, yet there is insufficient evidence to recommend testing efficacy in more than two species prior to clinical testing. 50 Regulatory guidelines, however, do require toxicity testing in more than two species. Which among the remediable practices could be optimized to improve translatability to clinical studies but also address the clinical gaps in care?
Homogeneous versus heterogeneous target population: a preclinical-clinical gap in drug trials
A significant difference between the preclinical and clinical trials is the considerably lower heterogeneity in the animal studies compared to humans, even when outbred models are used. This not only refers to variability in the underlying pathology or epilepsy phenotype but also to environmental, comorbid, and other factors that may affect seizure outcomes and drug effects. Although the more controlled conditions of an animal study offer an advantage for the discovery phase of new therapy targets because they help minimize the confounders and therefore the animal use, they may create a challenge when comparing with the clinical trials. Multicenter "phase II" preclinical trials have been proposed to address some of these issues in translation, 11 by testing therapies in animals in a manner similar to that done in a clinical phase II trial prior to introducing them to a clinical trial.
Animal models for drug development: beyond seizures or limbic epilepsies
There are numerous models of seizures and epilepsies. 51 Previous publications have addressed the predictability of key models used in therapy development, their appropriateness for certain types of seizures or epilepsies, and suggested changes in the way these are used in therapy development. One of the greatest contributions and examples of the old ASP program has been the possibility to create a comparative efficacy/tolerability profile of tested compounds using phenotypic screening with the same protocols, models, and strategies. This systematic and standardized approach generated simple algorithms and rationales for recommending the lead compounds for future clinical testing in human epilepsies. When a plateau was reached, it allowed for constructive criticisms, re-evaluation, and re-structuring so that some of the modern unmet needs and priorities can be addressed in the new ETSP. 3, 4 However, the focus still remains on either acute models of focal or generalized seizures or chronic models with limbic seizures in adult rodents, and attempts to differentiate efficacy in medically resistant seizures or antiepileptogenic potential.
As the field shifts toward the idea of targeting medically resistant epilepsies, epileptogenesis, or disease modification, it may become relevant to study etiology or pathology or age-appropriate models of epilepsy. Currently, therapy development in other models that are common (e.g., pediatric, poststroke, or posttraumatic brain injury models) depends on independent laboratories, many of which have special expertise in specific models and typically perform target-oriented approach. However, these efforts are not streamlined and organized in a manner that would permit comparisons across models and labs, or assessment of comparative efficacy across compounds. Also important is the opportune funding of these labs and funding priorities, which may not guarantee a continuum in therapy screening. Furthermore, it is important to recognize that each model may deliver findings that may not be generalizable to other models or to all human epilepsy syndromes. Developing infrastructure and tools to allow the identification of target populations likely to benefit from discoveries done in certain models, for example, through use of validated biomarkers for therapy implementation, will be essential for the good translation of preclinical findings into the clinics.
It is not realistic to expect that all therapy development be done through the same centralized institution. There is, instead, a recent trend toward team research/consortia of expert clinical and preclinical research groups working on a specific research focus, which is another option that has been initiated with the CURE Infantile Spasms Initiative 54 and the National Institute of Neurological Disorders and Stroke (NINDS)-funded Centers without Walls. Such initiatives offer unique opportunities to realize that therapy development is a preclinical-clinical continuum and collaboration, and that at the end of the day preclinical testing has to target issues that may transform clinical care. A strong multidisciplinary collaboration is needed of clinical and preclinical trialists, pharmacologists with expertise in PKPDs and optimal formulations, chemists for lead optimization when necessary, statisticians, researchers involved in biomarker development, and experts on regulatory aspects. Challenges remain, such as the need to agree on common practices and strategies, share expertise and reconcile data from different models and labs.
Developing drugs for drug-resistant seizures
The definition of drug-resistant epilepsy according to the ILAE is "failure of adequate trials of two tolerated, appropriately chosen and used antiepileptic drug schedules to achieve drug freedom." 55 The definition of drug resistance does not depend on etiology but rather differentiates seizures based on response to certain drugs considered appropriate for the seizure type. The etiology of drug resistance in humans is unknown, and probably diverse, although several theories have emerged: target theory, the drug transporter theory, methylation hypothesis, and intrinsic severity factors whereby factors that augment seizure severity (e.g., inflammation, network reorganization, specific pathologies or etiologies, and alterations in synaptic transmission) may contribute to resistance. The models used currently to develop drugs for drug-resistant seizures 7 employ a moresevere inducing trigger (6 Hz, 44 mA model), preexposure of animals to drugs that result in a resistant phenotype (e.g., lamotrigine-resistant kindled rat), are selected by their resistance to one at least antiseizure drug (e.g., phenobarbitalresistant post-pilocarpine rat with epilepsy), or are generated with pathologies that predispose them to drug resistance (e.g., multiple-hit model of infantile spasms). In most of these models in which extensive testing with multiple antiseizure drugs has been done, there are drugs to which the model is sensitive and drugs to which it is resistant. Therefore, many are models with relative resistance to some of the existing drugs, rather than true models of drug resistance. The expectation is that drugs identified by screening in such models might offer a therapeutic alternative in conditions that may share some of the elements of drug resistance shared with the model, possibly because new drugs employ a different mechanism of action. The challenge is that the etiology of drug resistance is not known in every human with drug-resistant epilepsy to allow validation of these models. Therefore, in our opinion, such models of drug resistance will be useful to identify different drugs that might yield new therapeutic options with probably different mechanisms, which could be worth studying in human drug-resistant seizures. Whether such models will prove to be useful tools for providing viable therapeutic solutions for drug-resistant epilepsies remains to be seen.
There are some additional challenges in studying drugresistant models. The presence or absence of drug resistance may not be a permanent feature of an epilepsy syndrome. It is not uncommon for patients with human temporal lobe epilepsy to start with a drug-sensitive course, go on to remission, and then re-emerge with a drug-resistance course. Conversely, Sillanpaa and Schmidt 56 reported that 51% of children with initial drug-resistant childhood-onset epilepsy reached 5-year terminal remission. It is not known if such temporary or delayed drug resistance exists in animal models, although this is more difficult to document, given the short half-lives and briefer observation periods of these models. For many models their pharmacosensitivity profile has been an inherent criterion for judging their predictive value for new therapies. Is a model that does not respond to the anticipated drugs an invalid model of this epileptic syndrome or a model of drug-resistant epilepsy? An example is the multiple-hit rat model of infantile spasms that does not respond to adrenocorticotropic hormone and only partially responds to vigabatrin. 57 In our opinion, response to drugs should be only a modifier (drug-sensitive vs. drug-resistant), not an essential criterion for the validity of the models. This is even more important for certain early life epilepsies that are drug-resistant from the start. The underlying pathology/etiology and observed epilepsy and comorbidity phenotype should be more important for the classification and validity of the models. A final comment is that according to the clinical ILAE definition of drug resistance, one anticipates "failure to achieve seizure freedom." This may require a significant change in the way preclinical trials are designed in that drug-sensitivity in animal studies may imply some reduction of seizure frequencies, amelioration of certain types of seizures, seizure reduction or disappearance for the brief period of monitoring (rather than terminal remission), whereas dose searching may not always be sufficient to explore the full potential of the drug. We discuss in subsequent sections the issue of seizure freedom definition in animal studies.
Harmonizing preclinical practices in a manner that may improve translation to clinical trials
Progress in clinical epileptology has been made possible due to the existence of structured guidelines of clinical practice and accepted classifications of seizures and epilepsies and standardized protocols for electroencephalography (EEG) tests and interpretation. A recent classification of seizures and epilepsies that applies to companion animals, similar to those in humans, 58 has been proposed by the International Veterinary Epilepsy Task Force (IVETF). 59 Yet, there is no such classification for experimental animals and there is no agreement on EEG practices and interpretation. The lack of standards has spurred a lot of discussion and debates among investigators utilizing rodent EEG recordings. Seizure outcomes in epilepsy models are often expressed without differentiating the effects of drugs or intervention on different seizure types. Outcomes (epilepsy or other) are generally dictated by the type of tests used, often differ among labs, and may not translate well to clinical endpoints. Similar issues exist in studies assessing behavior, pharmacology, or physiologic endpoints.
The AES/ILAE Translational Task Force of the ILAE has assembled an international volunteer group of experts (TASKs1-4) to address some of the gaps in the way preclinical and clinical trials are performed.
1,2,50, 60 The creation of a uniform system of interpreting and classifying EEG and rodent seizures and seizure-like events is one of the key goals of the TASK1 group of the Task Force. The TASK2 group attempts a systematic review of animal literature to evaluate outcome assessment and utilization and predictability of animal models of seizures and epilepsies. TASK3 is currently formulating preclinical common data elements (CDEs) and case report forms (CRFs) for data collection, in alignment with the clinical epilepsy CDEs 61 that have been created recently. TASK4 works towards improving infrastructure supporting multicenter preclinical trials.
Testing clinically relevant treatments
Formulations and routes of delivery that are not appropriate for clinical use or are associated with toxicity are not likely to enter clinical trials. Collaboration with chemists or pharmacology experts early in drug development can help resolve these issues at the early stages when efficacy testing is being conducted. Dose-response experiments guided by tolerability assays help define the maximal tolerated doses (MTDs) in seizure/epilepsy models. The protective index (PI), estimated as the ratio median toxic dose (TD 50 ) over the median effective dose (ED 50 ) in 50% of the animals, gauges the safety window of a drug and allows advancement of drugs with high PIs.
The timing of drug administration and monitoring needs to consider clinical relevance and PK-PDs. Pre-treatment is usually done in acutely induced models of seizures, but may be implemented only in conditions when seizure triggers can be predicted (i.e., toxic exposure) or seizures need to be prevented in a high-risk population (e.g., after severe traumatic injury). One can argue that chronic use of antiseizure drugs currently aims to prevent random spontaneous seizures. However, pre-treating naive animals may not necessarily have the same effects as treating an animal with epilepsy to prevent subsequent seizures. Target relevance and engagement may be different in later stages of ictogenesis or epileptogenesis.
PK-PDs and drug levels are critical for the study design and interpretation of the results, positive or negative. Plasma levels are more clinical practice friendly, but brain levels, brain-to-plasma concentration ratio and PK-PDs may ascertain the effective levels of the drug, need for improving the chemical structure, or explain a negative result. PK-PDs, time to peak effect (TPE), and duration of drug exposure and drug washout time help determine when to monitor for efficacy and how to interpret results.
Selecting appropriate endpoints: statistical significance versus biologic importance
Predefining the primary and secondary endpoints of the study and powering the study to test the expected effects at least on the primary endpoints is critical for the success of the study. Many of the parameters and endpoints used in preclinical (Table 2 ) and clinical (Table 3 ) epilepsy studies can be extrapolated between the two settings. Others only provide evidence of a biologic effect (i.e., kindling rate, dose of chemoconvulsant to first seizure). There is no evidence that certain criteria are more predictive of clinical success, but one would like to believe that those that demonstrate a stronger effect (i.e., seizure freedom vs. 50% reduction) when tested in scenarios similar to the clinical ones, resemble clinical endpoints and have higher PIs could give more confidence in clinical success.
Most of the studies in chronic models of epilepsy report effects on seizures in general and only rarely attempt to differentiate effects on different seizure types. Partly this is due to power analysis issues and partly to the lack of uniform system of classifying and diagnosing seizures in experimental animals. Of note, when carisbamate was tested in the lithium-pilocarpine model, it prevented motor seizures but increased the incidence of spike-wave discharges in rats. 62 As in humans, animal models of epilepsy do not necessarily have one type of seizures. In certain models, epilepsy progresses from predominantly nonconvulsive to predominantly convulsive. 63 In others, epilepsy evolves, as in many pediatric animal models. 27 Differentiating the effects of a drug on seizure types within the same model, rather than across models of different seizures, may subtract the impact of the underlying pathology and etiology and may help prioritize the effects on different seizure types. Furthermore, the drug effects on seizures versus seizure clusters may be of interest, since clusters may have different outcomes and possible different underlying mechanisms.
Justification for the selection of the baseline and monitoring periods (time points, duration) would be important to report, particularly for chronic treatments in models that demonstrate progression, evolution, or seizure clustering with relatively long intercluster periods. 27, 63, 64 As we advance toward the idea of disease modification and antiepileptogenesis, it becomes important to capture treatment effects, adverse or beneficial, in the population with the specific seizure or epilepsy syndrome rather than in a naive population. Seizures and epilepsies and their coexistent comorbidities alter brain or systemic biology in a manner that may create unexpected effects. For example, mammalian target of rapamycin (mTOR) inhibition in a model of infantile spasms or in Pten mutant mice may improve performance in learning or social interaction, respectively, but tends to deteriorate them if given in naive controls. 38, 43 Regulatory testing for toxicities is typically done in na€ ıve animals. Early incorporation of such tolerability testing in the animal models of seizures, epilepsy or comorbidities may better profile the drug's effect.
Endpoints usually have to be adapted for the specific models, seizure types and syndromes, age, and sex groups, and discussion in the context of the specific seizure or epilepsy clinical syndrome would be an important element of the publications. For example, the Racine seizure scale for limbic seizures is occasionally used regardless of model and seizure type or age groups, instead of selecting the age and model appropriate seizure scales. Analysis of seizure scores can be variable, expressed as % of animals protected from more severe seizures (e.g., Racine scale 3 or 5) or compared parametrically, for example, "a drug reduces the mean seizure score from 5 to 4.5." Although this may denote some biologic effect, discussing whether and why this effect may be clinically meaningful would be useful for guiding the clinical trialist. It is important to differentiate statistical significance from biological importance. Adopting comparable preclinical endpoints in CRFs and CDEs, an effort done by the AES/ILAE Translational Task Force in partnership with NINDS, could help resolve some of these issues and allow for better validation and translation of preclinical data.
Duration of monitoring for the pretreatment baseline and the treatment response
Clinical trials have been using various methods in assessing seizure freedom, a practice that has been criticized as complicating the comparison of efficacies across trials. The durations of observation periods for outcome assessment have been variable, with a minimum of 6 months. The monitoring period may include the entire stable dose period only or both titration and stable dose periods, whereas divergence exists on whether patients withdrawing are counted as responders or nonresponders or excluded. 65 In the latest ILAE definition of medically resistant seizures, it was proposed that "the rule of three" for calculating confidence intervals for zero events be followed to monitor seizure freedom or response to treatment in clinical studies. 55, 66 To document a clinically meaningful response, it was also proposed to test for seizure freedom for at least 1 year. 55 Therefore, a monitoring period at least equal to three times the interevent interval for seizures or 1 year, whichever is longer, has been recommended. 67 These parameters, of course, are not always easy to incorporate in animal studies. The lifespan of rodents is 2 years, making it unclear how the 1-year observation period in humans would translate to rodents. It would also not be realistic for studies on early life or age-specific seizures, since brain maturation to adult state proceeds over the first 2 months of rodent life. Most importantly, monitoring for seizures in rodents is classically done with use of video-EEG studies, rather than seizure diaries or reports by patients, which renders it cumbersome, expensive, and time and effort demanding to routinely do therapy screening trials with such long-term follow-ups.
In reality, most of the preclinical therapy trials are done over a short period, minutes to weeks for antiseizure effects and up to a few months for antiepileptogenic effects, often implementing a staggered approach of monitoring. When comparing the pre-and posttreatment periods, the duration of these sessions and inclusion/exclusion criteria should be done based on prior model optimization and the known seizure incidence, frequencies, and interseizure or intercluster intervals. In vehicle/placebo-controlled studies, good randomization and similar handling of all groups would be important. A caveat is that in many models, seizures cluster over a day or two followed by long periods without seizures. Setting the monitoring duration to be long enough and appropriate for the intercluster intervals is particularly important when assessing seizure freedom or seizure remission. The change of seizure frequency from the baseline can provide useful information about individual response to the drug, which can help differentiate responders from nonresponders or adversely affected subjects who experience worsening of their seizures. The Epilepsy Medicines Agency (EMA) guideline for clinical studies 17 advises inclusion of study individuals for whom baseline frequency is not uncharacteristically different from their usual frequency and exclusion of subjects with slow seizure baseline counts so as to increase the possibility of seeing an effect. Such approaches may or may not be possible in all models of epilepsy, but they should be considered and discussed, depending on the model and scope of study. Unbiased randomization and evaluation of the effect trends on subcohorts with high or low seizure frequencies could be a solution.
The definition of seizure freedom or seizure remission in animal models is not officially defined as in humans. The heterogeneity of approaches used for defining seizures, monitoring for seizures, and diagnosing seizures, and the variability in methods to induce seizures in animals, the variable severity and seizure phenotype across models, and the time, age-, sex-, and strain-dependent differences in natural history of epilepsy, even in the same model, make it difficult to adopt a universal definition for seizure freedom. Therefore, it is important that animal models utilized in a lab set to perform preclinical epilepsy therapy trials are well characterized, at least in the strains, age, and sex groups that will be studied, to derive a detailed description of age of seizure onset, seizure/epilepsy incidence, seizure frequency per seizure type, clustering, circadian variations (important if monitoring is not done continuous over 24 h), seizure remission, and mortality. When seizure frequencies vary considerably in a trial, it may be safe, if feasible, to design the monitoring duration based on the least frequent seizure prior to the treatment. If this is not possible, the methods of outcome assessment should be selected carefully to account for such situations, that is, looking at incidence rates of epilepsy, separating the effects on cohorts with frequent (primary endpoints) versus rare (secondary endpoint) seizures.
Preclinical discoveries lost in translation: reasons and potential remedies
Failure to translate can be due to lack of rigor issues, personal bias, and conflicts of interests or to biologic or strategic issues. Rigor and transparency issues have been covered extensively in other previous publications. [5] [6] [7] [8] [9] [10] [11] [50] [51] [52] [53] Assuming that appropriate rigor has been applied in the studies, preclinical findings may not be confirmed in clinical trials either because they have no true clinical relevance or because clinical trials do not test the appropriate scenarios. False-positive preclinical data could be due to the unavoidable species differences, pathologies present in the experimental models (induced or genetic) but not in humans, or preclinical testing strategies that have poor relevance to clinical practice. For example, the old practice of testing drugs as pre-treatment (i.e., given prior to seizure induction) will have little relevance to clinical situations when treatment can be initiated only after the onset of seizures, for example, in a patient on SE due to causes that cannot be predicted.
In contrast, failure to translate a valid preclinical finding could be because clinical trials are missing important elements for treatment success. First, the target population in clinical trials may be heterogeneous and the "likely to benefit" individuals is only poorly represented. "Likely to benefit" individuals may be those with the relevant drug-targeted pathology (appropriate etiology or pathology, therapeutic window, or age or sex groups). Preclinical studies have an advantage over clinical studies because the treatment window can be tailored around specific models and stages of the seizure or epilepsy progression, and specific age and sex groups, unlike studies in humans which test treatments at various time points, wide age ranges and both genders. Second, coexistent comorbidities and their treatments in a subgroup of the treated population may interfere with the PK-PDs of the tested drug and therefore efficacy. Third, unanticipated toxicities in humans may preclude reaching the effective drug levels. Fourth, compliance may be variable in humans and seizure reporting in humans may not be as accurate if it depends on patient or family reports rather than the usual video-EEG studies done in animals. 68 Fifth, control groups in preclinical and clinical studies may be quite different. In animal studies, the use of vehicle-treated controls may yield higher chance of a demonstrated effect in monotherapy studies. In contrast, testing a drug as an add-on against controls that are either a standard comparator or standard of practice treated group narrows the probability of demonstrating a substantial therapeutic advantage, and studies may therefore be designed as noninferiority trials. Furthermore, the placebo effect may create an important therapeutic artifact in clinical trials that cannot be reproduced in experimental animals bred in our labs. Differences in formulations used in animals and in humans may also contribute to the differential efficacy.
Practices that can improve translation include the following: (1) identification of target mechanisms modified by the treatments that can be used to select target populations and appropriate treatment windows or monitor treatment response; (2) utilization of biomarkers or other tests to monitor target relevance and engagement so that one can interpret positive or negative results; 10 (3) early discussions among preclinical and clinical investigators so that preclinical and clinical trial study designs are concordant and comparable; (4) testing in clinically relevant formulations, doses, and strategies; and (5) incorporation of tolerability tests in the early preclinical efficacy studies to exclude treatments likely to manifest toxicity.
A proposal to implement multicenter preclinical phase II trials to test the efficacy and tolerability of drugs prior to advancing to full-scale clinical trials has been proposed as a way of improving the translatability of and providing more rigorous screening model for new epilepsy therapies.
11 This is currently being done in other fields, like stroke, 69 and efforts to create the infrastructure for this in epilepsy research is currently the goal of TASK4 or the AES/ILAE Translational Task Force.
Preclinical Drug Trials: Pragmatic Versus Utopic Expectations
If the past can predict the future, there is a lot of optimism that the ongoing reevaluation and re-structuring of the preclinical epilepsy research will eventually deliver new treatments that will transform clinical practice. By nature, preclinical research is uniquely placed to identify targetbased therapies and hopefully develop biomarkers to validate, implement, and monitor treatments in future clinical trials. If successful, this may promise to de-risk and individualize future treatments of epilepsies. Phenotypic screening using models and strategies that are more appropriate for specific epilepsy syndromes, medically resistant seizures, or epileptogenic processes and epilepsy-related comorbidities may also help identify compounds or new therapy targets that could address the existing unmet needs. It is not realistic to expect almost complete convergence in the results of preclinical and clinical studies. Yet, we should be striving for incremental progress through a healthy criticism, rather than skepticism, and reevaluation of strategies, infrastructure and needs, continuing support of investigators who are committed to deliver better therapies, and fostering collaborations and multi-disciplinary consortia of experts with complementary expertise who can help materialize these goals.
